Objective: Our objective is to show how the use of Computer Tomography (CT) multiplanar displays (MPR) and 3D Stereoscopic Imaging (3DSI), can provide precise anatomical landmarks to identify the location of the Anterior Ethmoid Artery (AEA) during endoscopic sinus surgery (FESS).
Introduction
Functional Endoscopic Sinus Surgery (FESS) has been practiced worldwide for the past four decades following the principles initially established by Messerklinger, Stammberger, Kennedy and others (1) (2) (3) . Major complications -albeit relatively rare (between 0.4 -1.5 percent), include lesions to the optic nerve, internal carotid artery, skull base , and dura, as well as intracranial and intra-orbital injury (4) (5) (6) . Surgical injury of the anterior ethmoidal artery (AEA) at or close to the lamina papyracea, "carries the risk of the proximal stump of the artery to retract into the orbit whilst continuing to hemorrhage, potentially leading to the serious consequence of visual loss" (6) . Preoperative evaluation of the imaging information accurately and reliably identifies the location of the AEA and provides safe surgical guidance, thus avoiding inadvertent lesions and their potential dramatic sequelae.
Since its introduction in the mid-1980s, CT imaging technology has advanced significantly allowing improved diagnosis and improved demonstration of the varied individual sino-nasal anatomy (7) . These advances have enabled surgeons to better prepare for surgery and avoid complications. Nevertheless, a persistent difficulty prevails in correlating the imaging information with the endoscopically viewed surgical field, which, in turn, may be an underlying factor in continued surgical complications, such as orbital injury and CSF leak (4) (5) (6) .
The accurate identification of the AEA is cited on CT as a key anatomic landmark in preventing orbital and intracranial complications (2, 3, 8) . A precise understanding of the AEA location, its anatomic variations, and its relationship to the adjacent anatomy, is, therefore, important. However, the information currently provided by Computer X Ray Tomography Multiplanar Reconstructed Images CTMPR images appears visually different than the images presented to the surgeon via the endoscope.
This explains the difficulty in establishing specific and recognizable anatomic landmarks that could be followed during surgery to avoid AEA-related complications.
The objective of this study was to show how to employ the currently available CTMPR, and the newly created 3DSI technology, in both a static and dynamic mode, and identify anatomic landmarks, which, in turn, locate the AEA, improve the correlation of the information provided by CT and endoscopy, and enhance pre-operative planning and intra-operative performance of FESS.
The bulla lamella (BL), the basal lamella of the middle turbinate (BLMT), and the base of skull (BS) serve as fundamental landmarks for FESS and are known to be in close proximity to the AEA and its course through the ethmoid. To date, using the available standard CT information, the relationship of the AEA to surgically well identifiable structures-the skull base, the bulla lamella, and the middle turbinate basal lamella-has not been established.
Our aim is to define the relationship between these four structures based on the information provided by new imaging technologies, and show how these landmarks can guide a safe surgical procedure.
Singer credits Eustachius (1520-1574) with the introduction of the study of human anatomical variability; however, it has been clear since Galen's time that humans are not homogeneous with respect to their anatomic construction (9) . Rather, people sometimes cluster into distinct anatomic subtypes. It is our central hypothesis that this is also the case for the anterior ethmoid artery. We, therefore, used a Gaussian mixture model approach to formally elucidate the distinct subtypes of AEA morphology and the variability within and between these subtypes. To the best of our knowledge, this is the first example of a Gaussian mixture model approach to illustrate clustering of anterior ethmoid and skull base anatomy into distinct anatomic subtypes.
Anatomy of the AEA
The AEA originates from the ophthalmic artery. It then courses between the superior oblique and medial rectus muscles to reach the anterior ethmoidal foramen, which opens into the lamina papyracea. This "opening" is pyramidal or funnel-shaped, (Figures 3d,4f,5d,6d ).
The AEA subsequently crosses the anterior ethmoid complex in a variable bony canal (anterior ethmoidal canal) to penetrate the lateral lamella of the cribriform plate into the olfactory fossa.
Here, the AEA turns anteriorly and for 3 -16 mm runs in a shallow groove of the lateral lamella, the so-called ethmoidal sulcus, the site of origin of the anterior meningeal artery. The AEA then reaches the nasal cavity through the cribriform-ethmoidal foramen and the lamina cribrosa. In the nasal cavity, it divides into the anterior nasal artery and various smaller branches. During its course along the ethmoidal sulcus, the AEA can be found intra -as well as-extradural, with the bony sulcus thinning the lateral lamella of the cribriform plate to 0.2mm. Thus, this area is the thinnest and least resistant bone within the anterior skull base (2, 10) (Figure 2 ).
Methods

Imaging data
Axial CT scans were performed on a Siemens CT scanner using 0.7 mm thick slices, which yielded a volumetric image of the maxillo-facial structures. Studies were performed without administration of intravenous contrast material. The Multiplanar Reconstruction (MPR) programs were performed with Carestream Vue and Siemens Sygo.via software programs, which provide a simultaneous display of axial, coronal, and sagittal planes ( Figures 3-6 a-c and Figure 4 d,e). Simultaneous display of the intranasal/sinus anatomy, relevant to the surgeon's planning and execution of the FESS procedure, were available. Our study primarily focused on the anatomy relevant for the identification of the AEA foramen and the intra nasal and or intracranial segment of the AEA. When necessary the Siemens Syngo.via software program was used to provide non-orthogonal plane reconstructions, as well as a dynamic displays of challenging Figure 3 . The AEA is in between the bulla lamella and the basal lamella. (a-c) CTMPR images, with the green arrow pointing to the center of the "crosshairs, " the focal point, shared by the three orthogonal planes, along the lateral course of the artery. The white arrowhead points to the origin of the AEA foramen. 3DSI images: (d) 3D volume viewing the axial plane from above, shows the origin of the AEA foramen as it "breaks" the lamina papyracea, and the course of the AEA is outlined with red arrowheads; (e) the 3D volume shows the somewhat oblique axial plane with the course of the AEA (red arrowheads). The lateral nasal wall is shown in the sagittal perspective, revealing the relationship with the basal lamella (mustard color), and the bulla lamella (blue).
To establish and confirm the relationship of the AEA with the frontal recess, the uncinate process, the ethmoid bulla, the bulla lamella, and the supra-bullar recess spaces, a 3DSI display of the CT data (an advanced evolution of the Dextroscope imaging device) was used to validate and clearly show specific anatomic landmarks that would identify the location of the AEA, given the correlation between the 3DSI and the endoscopic view of the surgical site (Figures 3,5,6 d,e, and Figure 4 , f-j).
An essential, key feature of our software is that it provides a 3D stereoscopic representation of the anatomy when viewed using a pair of electronic glasses. This enables the viewer to appreciate the depth of a structure, just as it would naturally be perceived, in the "real-world. " Our challenge is to create the same effect as we display the 3D stereoscopic formatted structure onto a "flat" surface, without the necessity for electronic glasses, in a reasonably practical or economic manner. Therefore, here, the results are presented as volume-rendered images displayed on a flat surface, without the stereoscopic, depth-perception effect, and therefore, the images are a "simulated" 3D display.
Source of imaging data
The evaluated imaging data was of patients who had virtually no inflammatory disease within the nasal cavity and paranasal sinuses, and were selected by SJZ from his routine list of cases he was assigned to evaluate. Forty-eight patients (96 sides) were included in this study. A retrospective study was performed on de-identified CT data in accordance with the Johns Hopkins IRB regulations.
Evaluation methods
Computed X-ray Tomography with Multiplanar Reconstruction Evaluation (CTMPR) 1. MPR (axial, coronal, and sagittal) images were simultaneously displayed.
2. The AEA foramen was identified as it "broke" the continuity of the lamina papyracea, on the axial and/or the coronal plane ( Figsure 3-6a, 3b,4d) 3. The crosshair that correlated the specific anatomic point on the axial, and /or coronal and sagittal image was placed on the AEA foramen medial to the "break" into the lamina papyracea, and the specific anatomic point was spontaneously displayed on all MPR images (axial, coronal, and The course of the artery is best demonstrated from lateral to medial on the 3D image presented from the coronal point of view (k). The bulla lamella is outlined in blue and the basal lamella is outlined in the mustard color. Note that medially (j), the artery adheres to both the bulla lamella and the basal lamella. and bulla lamella to basal lamella (Table 1) .
3D stereoscopic imaging evaluation
1. Stereoscopic 3D images (3DSI), were subsequently used to provide an "en block" 3D evaluation of this regional morphology.
2. The 3D imaged volume was "trimmed" medial to the nasal septum to evaluate the right and left sides separately.
Thus, the "en block volume" was then positioned with the nose pointing anteriorly, the axial plane superiorly, and the lateral nasal wall anatomy revealed in the sagittal plane exposed medially. The imaging data in the axial plane was sequentially removed (in a scrolling manner) from superiorly to inferiorly until the AEA foramen within the lamina 
Data analysis
We analyzed our data using Stata 15 (Stata Corp LLC, College Station, TX, USA). Our data had a bimodal distribution, so we used a finite mixture model regression with two classes to fit our data. We used a multinomial logistic distribution to estimate the probabilities for the latent classes. We estimated the posterior probability of class membership for all the data and assigned class membership based on the optimal decision rule. To deal with discretization of measurements that occur when measuring distances on a pixilated graph, we added subpixel Gaussian white noise to the measurements. This aided with the convergence of our regressions. The lateral nasal wall is shown in the sagittal perspective, which revealed the relationship with the basal lamella (mustard color), and the bulla lamella (blue).
!
Results
In Table 1 , we list the average distances measured from the AEA to the bulla lamella (BL), the basal lamella of the middle turbinate (BLMT), and the base of the skull (BS). We present both lateral and medial measurements. Positive numbers indicate that the structures of interest were anterior to the AEA while negative numbers indicate that they were posterior to the artery. In the case of the base of the skull measurements, positive numbers signify that the skull base was superior to the artery. In the same table, we also list the average distance measured between the medial and lateral AEAs. For these measurements, we used the lateral AEA as a reference and positive numbers indicate that the medial AEA measurement point was anterior to the lateral point.
In Figure 7 , we plot a sample histogram for the lateral measurements, i.e., those made along the lamina papyracea, the AEA to BL measurements, to illustrate the key feature of this data set.
This histogram is not unimodal (Hartigan's dip test: D=0.059, p = 0.011); rather, it is bimodal with a narrow hump centered at zero and a second wider one centered somewhere between 0.5 and 1.0 cm. The large sharp peak concentrated at zero signified that a fair number of our measurements were zero or near-zero.
This indicates that, in a large number of subjects, the BL and AEA were either touching or nearly touching at the anterior ethmoidal foramen. The remaining data is broadly distributed. For these subjects, the AEA was distinct and separate from the BL.
All measurements revealed this bimodal behavior, suggesting there are two distinct varieties of human anatomy in this areathose in whom the AEA is associated spatially with the lamella and structures we were studying and those in whom the AEA is separate. We formalized these observations with a Gaussian mixture model approach.
We present the results of these regressions in Tables 2 and 3 . The finite mixture model results were used to estimate the probability of being in one of the two classes (touching or separate),
while the class response model provided the mean or mode distance and variance of the measurements for each class. From Table 3 , we see that the average lateral AEA to BL measurement for the touching and separate groups were 0.004 cm (-0.008- We illustrate how class membership for different medial and lateral structures relate to each other with contingency Tables   4, 5 , and 6. These tables show that, along the lamina papyracea, the AEA will be associated with at least one lamella 71.4% of the time, and that, 7.1% of the time, it will be associated with both lamella, i.e., the AEA, BL, and BLMT fuse into one complex. Similarly, with the medial measurements, we found that, in 89.8% of our cases, the AEA was associated with at least one lamella, and that, in 29.6% of the cases, it was associated with both lamella.
These tables also demonstrate that the AEA is more likely to be associated with the BL than the BLMT. More specifically, the AEA abuts the BL 72.5% medially and 46.9% laterally; while it only touches the BLMT 46.9% medially and 31.6% laterally.
The BS contingency Table 5 tells a similar story. The chance that the AEA was embedded in the BS both medially and laterally was 40.8%. In 31.6% of cases, the AEA was separate from the BS on both sides; while, in the remaining 27.5% of cases, it was attached to the BS at one end, but not the other. Table 6 illustrates how the probabilities that the AEA is associated with the BL and the BLMT both medially and laterally are quite different. For example, 35.7% of the time, the AEA was associated with the BL at one end, but not the other. This pattern holds for the BLMT, but with a slightly lower frequency of 27.5%.
In general, we found that it was more likely for an AEA that was separate from a lamella laterally to join a lamella medially than vice versa.
In 48.0% of subjects, the medial and lateral AEA measurement points (anterior ethmoidal foramen and anterior ethmoidal sulcus) existed in the same coronal plane. In the remaining subjects, the artery ran in an oblique plane with the anterior ethmoidal sulcus displaced, on average, 0.3 cm anterior to the anterior ethmoidal foramen. 
Discussion
In the early 1980s, Endoscopic Sinus Surgery (ESS), now referred to as Functional Endoscopic Surgery (FESS), replaced external approach procedures and is the treatment of choice for sinus and nasal pathologies, as well as skull base and orbital lesions (1) (2) (3) . The introduction of advanced endoscopes, surgical instruments, and imaging techniques, including image guidance, aided surgery procedures and improved the safety (1) (2) (3) 7) . Over the past four decades, there has been a steady increase in the number of FESS procedures (4) . Unfortunately, given the close proximity of the surgical site to the orbit and the intracranial compartment, even though considerably reduced since the early days, the FESS procedure continued to be associated with a variety of complications, including inadvertent damage to the AEA, which resulted in intra-orbital and intracranial bleeding and epistaxis (4) (5) (6) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
Lund et al. reported that if the AEA is traumatized at the foramen of the artery (at the penetration through the lamina papyracea), this invariably results in retraction of the bleeding artery into the orbit, and that the injury is more frequent if the artery courses in the ethmoidal sinus below the skull base (6) . Hosemann and colleagues concurred and stated that the likelihood of damage to the artery increases the greater the distance from the skull base, and if in the basal lamella (4) .
Since the introduction of FESS, surgeons have used CT imaging as a "road map" to guide the surgery in this complex and varied anatomic area (3, 7, 8) . Several authors have reported the use of coronal CT images, and subsequently, MPR images, and finally, Image -guided Surgery (IGS) based on MPRs of the CT information to site a variety of anatomic "landmarks" that were meant to determine the location of the AEA, and avoid inadvertent damage to this structure (10) (11) (12) (13) (15) (16) (17) (18) (19) (20) (21) . The AEA foramen is still an established imaging landmark (12) . The "standard" coronal CT Several authors have described intraorbital, intracranial, and intraethmoid structures as potential landmarks on CT images defining the location of the AEA. However, most of these "potential landmarks "preclude accurate endoscopic guidance during surgery and fail to adequately identify the location of the artery (4, 8, 12, 13, (14) (15) (16) (17) (18) (19) (20) (21) . Several authors describe the AEA to be between the second and third lamellae, that it may course in the skull base, or bellow skull base, and that the distance from skull base to the artery is greater on the right side (4, 6, 12) . Erdogmus et al. described the positional relationship between the AEA and the PEA to be 10-17 mm, with a mean distance of 13mm, and that the location of the AEA is immediately posterior to the frontal recess (13) . Simmen et al., however, in their cadaveric study, found that the AEA was approximately 11 mm from the posterior wall of the frontal recess (ranging from 6-15 mm), and concluded that the artery is found between the second and third lamellae (15) .
In our study, we found the AEA to be adhearant or lose to either the bulla lamella or the basal lamella of the middle turbinate, also that the bulla lamella in the predominant instances defined the posterior boundary of the frontal recess. Stammberger located the AEA 1-2 mm behind the junction of the posterior wall of frontal recess and within the adjacent anterior ethmoid air cell (2) . It has been reported that the AEA is missing in 5-10% of cases (13, 14) . In our study, there was a single side where the AEA could not be identified (1%).
The anatomic landmarks that were identified and reported to be related to the AEA location are part of the skull base, orbital, and frontal-ethmoid anatomy, and are concealed in the initial endoscopic view, and therefore, preclude the surgeon from accurately identifying the location of the AEA, and thus, introduce the possibility of inadvertent damage.
Our aim was to establish specific anatomic landmarks definable at the initial steps of the endoscopic-guided procedure, and provide the surgeon with a step-by-step guide that would lead to the AEAOur suggested approach is outlined in our methods section and describe a step by step guide in using CT MPR as well as 3D CTSI to identify the AEA foramen and the AE sulcus locations as well as the relationship to ethmoid structures.
We highlight a number of analysis features. As shown in Figure 7 all of our measurements displayed a bimodal behavior with a sharp narrow peak centered at the lamella of interest or the skull base and a second broader peak distributed a ways away from the reference structure. The sharp peak suggests that in many people the location of the AEA is not randomly located. We conjecture that the correlation between ethmoid bone anatomy and the AEA must be driven by an embryologic development strategy. The second portion of the histogram has some recognizable structure to it, in that it is shaped like a bell curve. This suggests that, for the remaining patients, the distance measured between the reference structure and the AEA is highly variable;
that the most likely separation between these two structures will be at the mode or peak of the bell curve; and that we were less likely to measure separations smaller than or larger than the mode. This second behavior suggests the driving factors during development maybe weakly coupled rather than causal or there maybe multiple strategies that leading to different morphologies.
one the less, the bimodal distribution implies that there are two distinct morphologic classes of human anatomy. Since the data is not unimodal, unimodal analysis techniques, such as those presented in Table 1 , result in uncontrolled averages of population subtypes, and are, therefore, difficult to apply to individual patients. The benefit of the Gaussian mixture model approach is that patient subtypes are automatically defined. These results are, therefore, applicable to individuals, as long as the subtype can be identified by the operating surgeon. The finite mixture model results, shown in Table 2 , were used to estimate the probability that an individual would fall into one of the two classes (touching and separate). Assuming the classes can be modeled by a normal distribution, i.e., the bimodal distribution can be deconstructed into two normal distributions, then the class response model, Table 3 , gives us the mean or mode distance and variance of the measurements for each class. That is, the regression constant provides the most likely distance between the artery and the structure of interest for the class in question.
The variance term tells us how much spread there was in our measurements -that is, how different subjects in the class of interest were from each other.
The anterior ethmoidal sulcus and the anterior ethmoidal foramen are important surgical landmarks because improper or imprecise surgery in these locations is associated with intracranial and orbital complications (4) (5) (6) . To perform safe surgery, a surgeon must have a good understanding of the local anatomy surrounding these structures and must maintain orientation at all times foramen are associated with a lamella and those whose AEF and AES are separate from a lamella. To complicate matters, the lamella associated with the AEF can be different from the lamella associated with the AES. In addition, unlike inferiorly in the nose, where the BL and the BLMT tend to be distinct structures, they can fuse superiorly in the nose, making them less specific landmarks. This coalescence of structures is more common medially.
Surgeons unaware of this behavior may be more apt to become disoriented once the inferior lamella have been resected. It is our recommendation that, if skeletonization of the AEA is necessary, the surgeon comprehensively familiarizes him/herself with the AEA and surrounding lamellar structures and the variability presented in this paper to prevent disorientation and potential injury to these structures.
Finally, there are two key anatomic findings of this study. First, populations of humans have at least two distinct architectural subtypes, in our case, subjects whose AEA, i.e., AEF and AES, are intimately associated with one or more lamellae and those whose AEA are distinct from these structures. This is important because studies that fail to account for this observation are subject to confusion. The second major finding is that, within subpopulations, human anatomic design is quite ordered. This is reflected by the fact that our measurements were easily modeled by a normal distribution. This implies that the measured separations have a most probable value, and that, as one exceeds or comes closer to the expected distance, the chance of finding the AEA decreases. The rate that this chance decreases is defined solely by the standard deviation of the distribution. This lends itself to a natural strategy for searching for the artery, i.e., the search should begin where the probability to find it is highest.
We hypothesize that expert surgeons naturally learn these rules of anatomy through experience, but sometimes have difficulty implementing these rules due to the complexities introduced by the mixed nature of patient populations.
Conclusions
1. The AEA is directly related to the bulla lamella or the basal lamella.
2. Using CTMPR, if the course of the artery is carefully traced on the axial and the coronal displays, although time-consuming, and necessarily mandates the use of the MPR display, will show the relationship of the AEA to the lamellae, and this can be used to guide the FESS procedure, and preclude incursion into the artery.
3. The 3DCTSI provides an improved, more realistic, and more intuitive anatomic display of the regional anatomy, with improved correlation between the imaging display and the endoscopic view, affording improved endoscopic trailing of an, at times, convoluted course, of the anterior border of the ethmoid bulla and the bulla lamella.
4. In a large number of subjects, the BL and the AEA are either touching or nearly touching at the anterior ethmoidal foramen. Defining the above-described imaging landmarks of the AEA should be a prerequisite prior to performing FESS.
5. Along the lamina papyracea, 71.4% of the time the AEA will be associated with at least one lamella and, 7.1% of the time it will be associated with both lamellae, i.e., the AEA, the BL, and BLMT will fuse into one complex. Similarly, with our medial measurements, we found that, in 89.8% of our cases, the AEA was associated with at least one lamella and that, in 29.6% of cases, it will be associated with both lamellae.
6. The AEA is more likely to be associated with the BL than with the BLMT. More specifically, the AEA abuts the BL 72.5% medially and 46.9% laterally; while it only touches the BLMT 46.9% medially and 31.6% laterally.
7. The chance that the AEA is embedded in the BS both medially and laterally is 40.8%. In 31.6% of cases, the AEA is separate from the BS on both sides; while, in the remaining 27.5% of cases, it is attached to the BS at one end, but not the other.
8. In 35.7%, the AEA was associated with the BL at one end, but not the other. For the BLMT, this finding occurred at a slightly lower frequency of 27.5%. We found that it was more likely for an AEA that was separate from a lamella laterally to join a lamella medially than vice versa.
9. In 48.0% of subjects, the medial and lateral AEA measurement points were in the same coronal plane. In the remaining subjects, the artery ran in an oblique plane with the anterior ethmoidal sulcus, displaced, on average, 0.3 cm anterior to the anterior ethmoidal foramen.
